Mutations in the MID1 gene are causally linked to X-linked Opitz BBB/G syndrome (OS), a congenital disorder that primarily affects the formation of diverse ventral midline structures. The MID1 protein has been shown to function as an E3 ligase targeting the catalytic subunit of protein phosphatase 2A (PP2A-C) for ubiquitinmediated degradation. However, the molecular pathways downstream of the MID1/PP2A axis that are dysregulated in OS and that translate dysfunctional MID1 and elevated levels of PP2A-C into the OS phenotype are poorly understood. Here, we show that perturbations in MID1/PP2A affect mTORC1 signaling. Increased PP2A levels, resulting from proteasome inhibition or depletion of MID1, lead to disruption of the mTOR/Raptor complex and downregulated mTORC1 signaling. Congruously, cells derived from OS patients that carry MID1 mutations exhibit decreased mTORC1 formation, S6K1 phosphorylation, cell size, and cap-dependent translation, all of which is rescued by expression of wild-type MID1 or an activated mTOR allele. Our findings define mTORC1 signaling as a downstream pathway regulated by the MID1/PP2A axis, suggesting that mTORC1 plays a key role in OS pathogenesis.
Mutations in the MID1 gene are causally linked to X-linked Opitz BBB/G syndrome (OS), a congenital disorder that primarily affects the formation of diverse ventral midline structures. The MID1 protein has been shown to function as an E3 ligase targeting the catalytic subunit of protein phosphatase 2A (PP2A-C) for ubiquitinmediated degradation. However, the molecular pathways downstream of the MID1/PP2A axis that are dysregulated in OS and that translate dysfunctional MID1 and elevated levels of PP2A-C into the OS phenotype are poorly understood. Here, we show that perturbations in MID1/PP2A affect mTORC1 signaling. Increased PP2A levels, resulting from proteasome inhibition or depletion of MID1, lead to disruption of the mTOR/Raptor complex and downregulated mTORC1 signaling. Congruously, cells derived from OS patients that carry MID1 mutations exhibit decreased mTORC1 formation, S6K1 phosphorylation, cell size, and cap-dependent translation, all of which is rescued by expression of wild-type MID1 or an activated mTOR allele. Our findings define mTORC1 signaling as a downstream pathway regulated by the MID1/PP2A axis, suggesting that mTORC1 plays a key role in OS pathogenesis.
ubiquitin ligase | proteasome-mediated degradation M utations in the MID1 gene are causally linked to X-linked Opitz BBB/G syndrome (OS), a congenital disorder that primarily affects the formation of ventral midline structures. The clinical manifestations of Opitz syndrome are characterized by a diverse spectrum of symptoms, including hypertelorism and hypospadias, cleft lip/palate, dysphagia, heart defects, and mental retardation (1) .
The MID1 protein is a member of the RBCC/TRIM family, which contains a conserved module of the RING domain, followed by B-boxes and a coiled-coil domain (2) . MID1 also contains fibronectin type III and B30.2/SPRY domains. The RING domain has been well characterized in ubiquitin-mediated protein degradation, whereas the other domains mediate proteinprotein interactions (3) (4) (5) (6) . Opitz syndrome-derived mutations in MID1 have been identified throughout the protein and show several functional consequences such as compromised association with microtubules and/or transport along microtubules (4, (7) (8) (9) . In addition to its microtubule-binding function, MID1 also functions as an E3 ligase that targets the microtubule-associated pool of the catalytic subunit of protein phosphatase 2A (PP2A-C) for ubiquitin-mediated degradation through an interaction with the protein α4 (3). Perturbation of the E3 ligase function of MID1 in OS cells leads to the accumulation of PP2A-C and the dramatic dephosphorylation of microtubule-associated proteins, which is postulated to contribute to OS pathogenesis (3) .
Signaling from the mammalian target of rapamycin (mTOR) controls diverse cellular processes such as growth, autophagy, stress responses, cytoskeletal reorganization, cell motility, metabolism, and aging (10) (11) (12) . mTORC1 consists of mTOR and the interacting proteins, Raptor, and mLST8. In particular, Raptor plays an essential scaffolding role toward mTORC1 substrates such as 4E-BP1 and S6K1 (13, 14) . Studies in our laboratory have recently focused on the regulation of mTOR signaling by the ubiquitin proteasome system (UPS) (15) . Here, we show that proteasome inhibition disrupts mTORC1 formation and signaling in a PP2A-dependent manner. Furthermore, we show that cells derived from Opitz syndrome patients harboring defects in the E3 ligase MID1 have profound defects in mTOR complex 1 (mTORC1) function, suggesting that the MID1/PP2A axis is an important regulator of mTORC1 signaling and that dysregulation of mTORC1 signaling plays a key role in the pathogenesis of OS.
Results
Proteasome Inhibition Disrupts mTORC1 Formation and Signaling.
During the course of our studies on mTOR and its regulation by the ubiquitin proteasome system, we made the observation that proteasome inhibition decreased mTORC1 signaling (Fig. 1A) . In serum-starved U2OS cells, MG132 treatment was able to block insulin-stimulated phosphorylation of the mTORC1 substrate S6K1, as judged by the stereotypic mobility shift. This observation was not completely unexpected, because negative regulators of mTORC1, such as TSC2 and REDD1, undergo ubiquitin-mediated degradation (15, 16) . However, following MG132 treatment, TSC2 levels did not increase, suggesting that TSC2 was not responsible for decreased mTORC1 signaling. To formally address the possible contribution of TSC2 in this process, mTORC1 signaling was examined in TSC2 −/− MEFs following MG132 treatment. In WT and TSC2 −/− MEFs, MG132 treatment decreased S6K1 phosphorylation, demonstrating that this effect was TSC2 independent (Fig.  S1A) . Furthermore, this effect was also independent of REDD1, as these experiments were carried out under normoxic conditions, and TSC2 is required for REDD1-mediated mTORC1 down-regulation (17) . In addition to our observations in U2OS cells and MEFs, we also observed down-regulation of mTORC1 signaling in both HCT-116 and MCF-7 cells following MG132 treatment of cells cultured in serum-replete media, suggesting that this phenomenon is independent of serum starvation/insulin restimulation and can be generalized to other cancer cells (Fig. S1B , lanes 1 and 2; compare to Fig. S3A, lanes 1 and 4) . Therefore, proteasome inhibition reduces mTORC1 signaling through a mechanism that does not involve critical nodes in mTORC1 signaling previously ascribed to ubiquitin-proteasome regulation.
Reduced S6K1 phosphorylation could be due to decreased mTORC1 kinase activity, increased phosphatase activity toward S6K1, or a combination of both mechanisms. We first tested whether formation of mTORC1 was disrupted in the presence of MG132, which would account for decreased mTORC1 activity toward S6K1. Indeed, treatment of U2OS cells with MG132 disrupted the interaction between mTOR and Raptor, whereas the interaction between mTOR and Rictor (mTORC2) was unchanged (Fig. 1B) . Consistent with these findings, S6K1 showed reduced phosphorylation, whereas AKT phosphorylation was unaffected (Fig.  1B) . We obtained similar results using another proteasome inhibitor, lactacystin (Fig. S1C) . To confirm reduced mTORC1 kinase activity toward its substrates, we examined mTOR immunoprecipitates from MG132-treated cells for kinase activity in vitro and found decreased phosphorylation of the mTORC1 substrate 4E-BP1, consistent with reduced Raptor association (Fig. S1D) .
Disruption of mTOR/Raptor Is Dependent on PP2A Activity. Given the observation that MG132 caused a slight shift in TSC2 mobility indicative of phosphorylation changes and the previous involvement of PP2A in mTORC1 signaling (18) (19) (20) (21) (22) , we tested whether PP2A was involved in disrupting mTORC1 formation. Treatment of cells with the PP2A inhibitor okadaic acid was able to restore mTOR/raptor complex formation and signaling, suggesting that PP2A regulates mTORC1 formation (Fig. 1B and  Fig. S1B ). We addressed the possibility that PP2A disrupted mTORC1 formation through a direct mechanism by examining whether mTOR/Raptor complex formation was dependent upon phosphorylation. Treatment of mTOR immunoprecipitates with λ-phosphatase in vitro disrupted the mTOR/Raptor interaction ( Fig. S2 ), demonstrating that phosphorylation was important for mTORC1 formation.
PP2A represents a family of holoenzyme complexes with different activities, subcellular localization, and substrate specificities (23) . A given PP2A holoenzyme is made up of three distinct components: the aforementioned catalytic subunit (PP2A-C), a scaffolding subunit (PP2A-A), and a regulatory subunit (PP2A-B). Furthermore, additional complexity exists within each subunit class. Both the C and A subunit each have α-and β-isoforms, whereas the B subunit family encompasses B (PR55α, β, γ, δ), B′ (PR61α, β, γ, δ, ε), B′′ (PR72, PR130, PR48/70, G5PR), and B′′′ (PR93, PR110) subunits, allowing for a diverse repertoire of holoenzymes. To further assess the involvement of PP2A in the disruption of mTORC1, we used siRNA to knock down expression of the PP2A-C subunit, with the expectation that PP2A-C depletion would block the effect of MG132 ( Fig. 2A and Fig.  S3A ). As observed previously, MG132 treatment disrupted complex formation between mTOR and Raptor and increased the amount of the PP2A-C subunit coimmunoprecipitating with mTOR. Depletion of the PP2A-Cα or -Cβ subunits alone or together in the absence of MG132 had little effect on mTORC1 formation or signaling. In contrast, depletion of both Cα and Cβ reduced the amount of PP2A-C associating with mTOR and was able to rescue both the coimmunoprecipitation of Raptor with mTOR and the phosphorylation of S6K1 in the presence of MG132. To further characterize the PP2A complex that regulates mTORC1, we used shRNA directed against specific A and B subunits to determine whether their depletion would block MG132-induced mTORC1 disruption (Fig. S3B) . Codepletion of both PP2A-A subunit isoforms (α and β) or depletion of the PP2A-Bα (PR55α) subunit rescued mTOR/Raptor complex formation and S6K1 phosphorylation. Although our use of the pan-reactive PP2A-B antibody complicates a precise assessment of the efficiency of the different PP2A-B isoform (α, β, γ, δ) knockdowns, our data nonetheless suggest that a holoenzyme containing the PP2A-Bα subunit participates in mTORC1 disruption. Finally, given that the mTOR N terminus contains HEAT repeats, a protein-protein interaction domain found in Huntingtin, elongation factor 3, PP2A-A subunit, and TOR, we hypothesized that the interaction we observed between mTOR and PP2A-C was mediated by this region. Based on a ClustalW alignment between the mTOR N terminus and PP2A-A (α-and β-isoform) sequences, we generated an mTOR fragment consisting of amino acids 600-1,450, which showed the highest homology to the HEAT repeats of the PP2A-A subunit. Expression of this fragment with PP2A-C showed that this region was sufficient to mediate interaction between mTOR and PP2A-C (Fig. S4) . Taken together, our data suggest that a Bα (PR55α)-containing PP2A holoenzyme is recruited to mTORC1 via the mTOR HEAT repeats, where the catalytic activity of PP2A-C mediates mTORC1 association.
MID1 E3 Ligase Regulates mTORC1 Signaling. To further dissect the underlying molecular mechanism linking proteasome inhibition to the disruption of mTORC1 signaling via PP2A, we examined whether MID1, an E3 ubiquitin ligase that regulates PP2A stability (3), contributed to this effect. Depletion of either MID1 or its associated protein, α4, recapitulated the MG132 effect by disrupting mTOR/Raptor complex formation and decreasing S6K1 phosphorylation (Fig. 2B ). In addition, α4 or MID1 knockdown also increased PP2A-C levels. These data suggest that alterations in PP2A stability affect mTORC1 formation and signaling.
Given the link that we established between MID1 and mTORC1 signaling, we hypothesized that OS patients, which harbor deficiencies in MID1 function, may also have mTOR signaling defects. To test this, we examined mTORC1 formation in MID1-deficient OS and WT fibroblast cell lines derived from patients (3). Similar to our results in MID1 or α4-depleted cells, OS cells exhibited reduced amounts of mTOR/Raptor complex formation and reduced S6K1 phosphorylation (Fig. 3A and Fig.  S5A ). We next examined cell size, another mTORC1-dependent phenotype (24) , in the OS and WT cell lines by measuring forward scatter of the G1 cell cycle population by FACS analysis (Fig. 3B and Fig. S5B ). Consistent with reduced mTORC1 signaling, OS cells were smaller than the WT cells and treatment of WT cells with rapamycin reduced their size to that of the untreated OS cells. Interestingly, treatment of the OS cells with rapamycin did not cause any further change in cell size, which strongly suggests that the smaller size of OS cells is due to reduced mTORC1 signaling. To examine whether this size difference was mediated by PP2A, OS cells were treated with okadaic acid, which rescued OS cell size to WT levels (Fig. 3C) . Finally, we determined whether these phenotypes could be rescued by WT MID1 reconstitution (Fig. 4 A and B) . Expression of WT MID1 in OS cells increased the amount of Raptor that coimmunoprecipitated with mTOR similar to WT cells, restored S6K1 phosphorylation, and partially rescued the cell size defect.
Activated mTOR Mutant Rescues mTORC1 Signaling Defects in OS
Cells. To determine whether increased mTORC1 signaling could reverse the phenotypes observed in OS cells, we took advantage of a constitutively active mTOR allele, L1460P (25) . We first tested the association of the mTOR L1460P mutant with Raptor in the absence or presence of MG132. In contrast to disruption of the mTOR WT/Raptor complex, the mTOR L1460P/Raptor complex was unaffected in the presence of MG132 (Fig. 5A) . Furthermore, the amount of PP2A-C coprecipitating with the WT and OS cells were fixed and labeled with propidium iodide before FACS analysis. Rapamycin treatment (100 nM) for the indicated samples was for 18 h. For all samples, the G1 population was gated and the forward scatter height (FSC-H) was determined. Histogram plots were generated using FlowJo version 8.8.6. (C) As indicated, OS cells were treated with okadaic acid (OA,10 nM) for 18 h before fixation and propidium iodide labeling. For WT, OS, and OS cells treated with okadaic acid, the G1 population was gated and the FSC-H was determined. Histogram plots were generated using FlowJo. mTOR L1460P mutant was reduced compared with WT (Fig. 5B) , demonstrating that reduced recruitment of PP2A-C contributes to the lack of mTORC1 dissociation. We next examined whether expression of the mTOR L1460P mutant could rescue the cell size defect in OS cells. Ectopic expression of the mTOR L1460P mutant increased OS cell size to WT levels and restored mTORC1 signaling, as measured by S6K1 phosphorylation and cap-dependent protein translation (Fig. 5 C and D) . Interestingly, although overexpression of an activated S6K1 allele (ΔN/C S6K1) (26) was also able to rescue OS cell size similar to mTOR L1460P, consistent with the role of S6K1 in regulating cell size (27) , overexpression of Rheb in OS cells did not increase cell size or restore mTORC1 signaling (Fig. S6) . These observations provide further support to our model that mTORC1 activation must occur at the level of, or downstream from, mTOR to overcome the PP2A-mediated disruption of mTORC1 signaling in OS cells.
Discussion
Degradation by the ubiquitin-proteasome system is emerging as an important regulatory theme in mTORC1 signaling. A growing number of E3 ligases that target upstream components of mTORC1 signaling (e.g., PTEN, AKT, TSC2, REDD1), downstream effectors of mTORC1 signaling (e.g., S6K1), as well as mTOR itself have been identified (15, 16, (28) (29) (30) (31) (32) . Here, we demonstrate that the MID1 E3 ligase affects mTORC1 signaling at the level of mTOR/Raptor complex formation. MID1 loss of function increases the levels of PP2A-C, which, as part of a Bα-containing PP2A holoenzyme, disrupts mTOR/Raptor association and consequently inhibits mTORC1 signaling.
Importantly, our studies uncover a unique role for PP2A in regulating mTORC1 directly at the level of complex formation. Previous studies in yeast have placed PP2A downstream of TOR, where active TOR restricts PP2A activity by promoting the association of Tap42 (α4 ortholog) with the catalytic subunits Sit4 or Pph21/22, which displaces both the A and B subunits and results in an inactive phosphatase complex toward downstream TOR effectors such as NPR1 and GLN3 (33) (34) (35) . Under conditions where TOR is inactivated (e.g., nutrient starvation or rapamycin treatment), the Tip41 protein binds Tap42, allowing for SIT4 dissociation and restoration of phosphatase activity (33, 36) . Similarly, in mammalian cells, small molecule inhibition of PP2A activity blocks rapamycin-induced dephosphorylation of the mTORC1 substrates 4E-BP1 and S6K1 (18) (19) (20) (21) (22) , suggesting that PP2A directly dephosphorylates mTORC1 substrates when mTORC1 activity is inhibited by rapamycin, or that mTORC1 constrains PP2A activity. However, with the latter scenario, it is unclear whether the analogous regulatory paradigm with the Tip41L/α4/PP2A axis in mammals is conserved from yeast (37) (38) (39) . Our data are consistent with a regulatory loop involving the MID1/α4/PP2A degradation pathway, where PP2A acts on mTOR itself as opposed to acting on downstream mTORC1 substrates. Furthermore, an additional distinction of this regulatory loop from the previously described role of PP2A on downstream mTORC1 substrates is that the PP2A holoenzyme responsible for mTORC1 disruption involves the PP2A-Bα (PR55α) subunit rather than the PP2A-B′γ (PR61γ/PP2R5C) subunit implicated in S6K1 dephosphorylation (40) . We also found that the association between PP2A-C and mTOR is mediated via the mTOR HEAT repeats, a motif found in Huntingtin, elongation factor 3, A subunit of PP2A, and TOR (41, 42) . Furthermore, binding of PP2A-C to the activated mTOR mutant L1460P is reduced compared with wild-type mTOR, accounting for the ability of this mutant to rescue mTORC1 signaling in OS cells. As the mTOR L1460P mutation lies in a region between the HEAT repeats and the FAT domain (25), we postulate that this mutation alters the conformation of the HEAT repeat region such that PP2A-C is unable to bind efficiently. Interestingly, a naturally occurring mTOR splice variant (mTOR-β) with oncogenic activity has been described, which contains an internal deletion of the HEAT repeats and the majority of the FAT domain (43) . Based on our findings, we hypothesize that the enhanced cell proliferation and oncogenesis with this splice variant may result from a lack of PP2A-mediated regulation.
Our data also suggest that mTORC1 formation is regulated by phosphorylation, because PP2A-mediated mTORC1 disruption is blocked by the PP2A inhibitor okadaic acid, and isolated mTORC1 can be disrupted by phosphatase treatment in vitro. However, despite the plethora of mTOR and Raptor phosphorylation sites that have been identified to date, none appear to regulate complex formation (44) (45) (46) (47) (48) , and our own attempts at identifying phosphorylation sites critical for mTORC1 formation have not yielded conclusive results. Whether complex formation is due to phosphorylation sites on mTOR or Raptor that are as yet unidentified, or if a combination of phosphorylation sites on either molecule are involved, remains to be determined. A further complication is the multimerization of mTORC1 (49), which could entail the involvement of phosphorylation sites on both mTOR and Raptor that are responsible for complex integrity. Nonetheless, the precise dissection of phosphorylation in regulating mTORC1 formation and signaling bears additional study.
Although our studies primarily focused on the effect of MID1/ PP2A on mTORC1 and its downstream effectors, it was a formal possibility that MID1/PP2A dysregulation of mTORC1 could influence additional pathways, particularly those subject to feedback inhibition by mTORC1, such as PI3K/AKT and Ras/ERK (50) . Inhibition of mTORC1 signaling by rapamycin has been shown to lead to increased AKT activation due to the alleviation of a negative feedback loop involving S6K1 and IRS-1, although the magnitude of the feedback inhibition can vary between cell types (50, 51) . We observed a varied effect of MG132 on AKT phosphorylation in cancer cell lines ranging from little to no effect in U2OS cells, to more pronounced up-regulation in HCT-116 and MCF-7 cells (Fig. S7) . However, we did not observe AKT upregulation in OS fibroblasts compared with WT counterparts, but rather a slight down-regulation of AKT phosphorylation, suggesting that alleviation of feedback inhibition does not occur in OS fibroblasts and/or is counteracted by the elevated levels of phosphatase activity due to MID1 loss of function. Therefore, the effect of mTORC1 dysregulation on upstream pathways may be an additional contributing factor to OS phenotypes. Cells derived from Opitz syndrome patients show profound defects in mTORC1 signaling: reduced S6K1 phosphorylation, cell size, and cap-dependent translation, pointing to a critical role of the MID1/α4/PP2A axis in regulating mTORC1 function. Either restoration of MID1 function or mTORC1 activation that bypasses the PP2A-mediated regulation of mTOR/Raptor complex formation (i.e., mTOR mutation or downstream effectors such as S6K1) is sufficient to rescue the mTORC1 phenotypes in OS cells. Despite intensive study, the molecular pathways that link defective MID1 function to OS pathogenesis are incompletely understood. Our results presented here strongly suggest that the defect in mTORC1 signaling resulting from dysregulation of the MID1/PP2A axis is one of the avenues leading to OS pathogenesis. Of note, malformations occurring in OS patients have been attributed to defective migration patterns of neural crest cells needed to mediate ventral midline tissue formation in a very specific time window during development (1), and mTORC1 signaling not only is responsible for cytoskeleton dynamics and intracellular transport-both processes that significantly influence the migration potential of cells-but also has a direct regulatory function in migrating cells (52, 53) . Dysfunctional mTORC1 signaling in OS patients with MID1 mutations is therefore likely to significantly contribute to the OS phenotype.
Methods
Antibodies and Reagents. The α-mTOR antibody was generated by immunizing rabbits against a GST-mTOR fusion protein (amino acids 1,223-1,290). The α-AU1, α-HA (12CA5), and α-Myc (9E10) antibodies were purchased from Covance. The α-Raptor and α-Rictor antibodies were purchased from Bethyl. The α-PLCγ antibody has been previously described (15) . The α-phospho-S6K1 (T389), α-phospho AKT (S473), α-AKT, and α-NBS1 antibodies were purchased from Cell Signaling Technology. The α-S6K1, α-TSC1, and α-TSC2 antibodies were purchased from Santa Cruz Biotechnology. The α-PP2A-A, -B, and -C antibodies were purchased from Millipore. The α-MID1 antibody was purchased from Abnova. The protein A agarose, anti-Flag agarose, insulin, and lactacystin were purchased from Sigma. MG132 was purchased from EMD Biosciences. Rapamycin was obtained from the National Cancer Institute, National Institutes of Health.
Cell Culture and Treatment. The OS and control fibroblast cell lines have been described previously (3) Immunoprecipitations, Immunoblotting, in Vitro Kinase Reactions, and Luciferase Assays. Cells were lysed in lysis buffer [40 mM Hepes (pH 7.5), 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 50 mM NaF, 1 mM Na 3 VO 4 , 0.3% CHAPS, 10 μg/mL aprotinin, 1 μg/mL pepstatin A, 10 μg/mL leupeptin, 2 mM phenylmethylsulfonyl fluoride, and 20 μM microcystin-LR]. Clarified extracts were immunoprecipitated with α-mTOR, α-Raptor, or α-AU1 antibodies followed by collection on protein A agarose or by immunoprecipitation with anti-Flag agarose. Immune complexes were washed three times with lysis buffer and resuspended in SDS/PAGE sample buffer. Samples were resolved by SDS/PAGE before immunoblotting as described (44) . In vitro kinase reactions were carried out as described (54) . For luciferase assays, cells were transfected with a bicistronic dual luciferase translation [cap-dependent/internal ribosome entry site (IRES)] reporter construct (provided by Ze'ev Ronai, Sanford-Burnham Medical Research Institute, La Jolla, CA). At 48 h posttransfection, cells were assayed for Renilla luciferase (cap-dependent) and firefly luciferase (cap-independent/IRES) activity using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocol.
DNA Constructs, siRNA, and Transfections. The AU1 mTOR WT construct has been described (44) . The Flag-tagged mTOR 600-1,450 construct was generated by PCR amplification of the cDNA encompassing amino acids 600-1,450 with an N-terminal Flag epitope sequence followed by subcloning into the expression vector pcDNA3 (Invitrogen). The HA-tagged PP2A-C expression construct was generated by PCR amplification of the PP2A-C cDNA (Ultimate ORF collection; Invitrogen) with an N-terminal HA epitope sequence followed by subcloning into pcDNA3. The fidelity of both constructs was confirmed by sequencing. The AU1-mTOR L1460P construct was obtained from Fuyuhiko Tamanoi (University of California, Los Angeles, CA) via Addgene. The MID1 WT construct has been described (3). The pBB14-US9-GFP construct has been described (55) . The PP2A-C (Cα, CCGA-GUCCCAGGUCAAGAGUU; Cβ, UUGGUGUCAUGAUCGGAAUUU), PP2A-C mismatch (Cα mismatch, CCUAGUCGCAAGCCAUGAC; Cβ mismatch, UUG-GUGUGAUGGUCGCAAU), and luciferase siRNAs were purchased from Dharmacon/Thermo Fisher. The predesigned MID1 (GGUCCUCUGCCA-GUUUUGU, GCCACUCACCCGAAUAAGA, GGUUCUAAUUCCUGAAAUC) and α4 (GGCUAAAAUACAGAGAUAC, CGAAGUAGAAGUGGCGACU, GGUGUU-CAAGGGCUUGGAC) siRNAs were purchased from Ambion. For the shRNA constructs, the following targeting sequences were subcloned into the pMKO.1-puro vector: PP2A-Aα, CCACCAAGCACATGCTACCCA; -Aβ, AATCCGTCAGCTCTCTCAGTC; PP2A-Bα, AACAGAGGTGATTACAGCAGC; -Bβ, AACACCTTCGTGTACAGCAGC, -Bγ, CATGGAGGCAAGACCCATAGA; -Bδ, AACATGGAGAGCAGGCCGGTG. Expression plasmids were transfected into cells using the calcium phosphate method or by Fugene 6 (Roche) according to the manufacturer's protocol. Cells were used in experiments 24-48 h posttransfection. For siRNA transfections, Lipofectamine 2000 (Invitrogen) was used according to the manufacturer's protocol.
Determination of Cell Size. To determine cell size, exponentially growing OS and control fibroblast cells were prepared and seeded under the same conditions and density. At 48 h postplating, cells were collected by trypsinization, fixed in 70% ethanol, stained with propidium iodide, and analyzed for size and cell cycle distribution by FACS (FACSort; BD Biosciences) with CellQuest software. Cell size was determined by forward scattering (FSC) of the G1-phase population using FlowJo version 8.8.6 software (Tree Star).
Where indicated, the cells were harvested after treatment with either rapamycin (100 nM) or okadaic acid (10 nM) for 18 h. For MID1, AU1-mTOR-L1460P, and Rheb transfections, OS or control fibroblast cells were cotransfected with pBB14-US9-GFP at a density of 40% confluence. At 48 h posttransfection, cells were collected, and forward scatter of the GFP+, G1 phase population was analyzed by FACS.
